The search for amino acid sequence homologies can be a powerful tool for predicting protein structure. Discovered sequence homologies are currently used in predicting the function of oncogene proteins. To sharpen this tool, we investigated the structural significance of short sequence homologies by searching proteins of known three-dimensional structure for subsequence identities. In 62 proteins with 10,000 residues, we found that the longest isolated homologies between unrelated proteins are five residues long. In 6 (out of 25) cases we saw surprising structural adaptability: the same five residues are part of an a-helix in one protein and part of a ,8-strand in another protein. These examples show quantitatively that pentapeptide structure within a protein is strongly dependent on sequence context, a fact essentially ignored in most protein structure prediction methods: just considering the local sequence of five residues is not sufficient to predict correctly the local conformation (secondary structure). Cooperativity of length six or longer must be taken into account. Also, we are warned that in the growing practice of comparing a new protein sequence with a data base of known sequences, finding an identical pentapeptide sequence between two proteins is not a significant indication of structural similarity or of evolutionary kinship.
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Probability of Occurrence. A systematic search for identical pentapeptides seems not to have been undertaken previously, perhaps because one intuitively, but wrongly, does not expect to find any. An old party joke is analogous: one intuitively does not expect to find two identical birthdays in a group of 30 randomly chosen people, yet one can, statistically, be 70% certain of finding them by chance (3) . What matters is not that the number of people is small compared with the number of days in a year but that the number of all possible pair comparisons among 30 people, 435, is larger than 365.
By analogy, the occurrence of identical pentapeptide sequences in unrelated proteins in the data base is actually highly probable: although the number of residues in the data base of known protein structures (104) is very small compared with the number of possible pentapeptide sequences (205 = 3.2 x 106), the number of pair comparisons (5 x 107) is larger. More precisely, assume we have n amino acid residues arranged in random order with, for simplicity, frequency of occurrence of p = 1/20 each. The probability that all possible pairs of peptides of length / are different is P = (1 -)N, [1] The folding process of a globular protein is highly selective: a long amino acid chain ends up in one or a few out of a huge number of possible three-dimensional conformations. In contrast, conformational preference of single amino acid residues is weak. So the high selectivity of protein folding is only possible through the interaction of many residues. What is the minimum number of residues for folding into a unique structure? Five residues can form more than one turn of an a-helix or an entire p-strand. Cooperativity of length five could therefore be deemed sufficient for stabilization of secondary structure. We were thus surprised by the discovery of amino acid sequences of length five that in one protein are in a-helical and in another, quite different protein, in /-sheet conformation.
Search for Identical Oligopeptides
Detailed knowledge of protein structure comes mainly from the more than 100 three-dimensional structures solved by xray crystallography (1). Of these, at least 62 are known to sufficient resolution to allow assignment of details of hydrogen-bonded (secondary) structure (2 where (1 -p') is the probability for two peptides of length I to be different and N = n(n -1)/2 is the number of pair comparisons. The formula holds for n << 1/pl and neglects the complication of overlap of successive pentapeptides. For pentapeptides (1 = 5) in the data base of known protein structures (n = 10,000), we calculate P = 2 x 10-7. The probability to find at least one pair is 1 -P = 0.9999998. Thus the odds are more than 1,000,000:1 for finding one or more such pairs, and indeed we find 25 pairs.
For hexapeptides, the odds for finding one or more pairs in unrelated proteins are 1:1 (P = 0.5, 1 -P = 0.5). Consistent with that, within the data base the systematic search yields none. Outside the data base, without a systematic search, we have so far found two: (i) Cys-Arg-Asp-Lys-Ala-Ser are residues 63-68 in rhodanese (data set 1RHD) and residues 151-156 in a gonococcal pilus protein (Thomas Meyer, personal communication) and (ii) Gly-Tyr-Ile-Thr-Asp-Gly are residues 92-97 in actinidin (data set 2ACT) and residues 68-73 in phage T4 DNA ligase (John Armstrong, personal communication).
Conformation of Identical Pentapeptides
How similar in conformation are the discovered identical pentapeptides? A good objective measure of similarity of three-dimensional structure is the minimum rms distance [d(rms)] between the C(a) atom positions of equivalent residues obtainable by rotation and translation (4) . Table 1 gives the pentapeptide pairs in their sequence context ordered in terms of decreasing d(rms)-i.e., increasing structural similarity. Considering that five residues can be more than one turn of an a-helix and that many B-strands are not longer
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The most striking examples of "same sequence-different structure" are the seven pentapeptides Val-Asn-Thr-Phe-Val (Fig. 1) , Lys-Val-Leu-Asp-Ala, Leu-Ala-Pro-Val-Ala, ValAla-His-Ala-Leu, Lys-Ala-Ala-Val-Leu, Ile-Ile-Gly-GluLeu, and Gly-Val-Arg-Gln-Val: each occurs once as part of an a-helix and once as part of a p-strand, two very different types of hydrogen-bonded secondary structure. This is possible only if their structure is determined by sequence context-that is, by their interaction with other parts of the protein.
At the other extreme, "same sequence-same structure," each of the six protein subsequences Leu-Pro-Ala-Ser-Gln, Ala-Ala-Leu-Val-Lys, Ala-Ala-Lys-Phe-Glu, Ser-Val-IleVal-Gly, Ser-Ser-Glu-Glu-Leu, and Ser-Val-Ser-Tyr-Asp have very similar conformations in one protein and in another unrelated protein. As the sequence context for each occurrence is different, either the local conformational preference of these pentapeptides dominates over the interaction with neighboring segments or the influence of the neighboring segments is similar in each protein.
Conclusions
Interpretation of Amino Acid Sequence Comparisons. In attempts to predict protein function, it has become routine to compare the sequence of a new protein with the data base of proteins whose structure or function is known (7) . Significant homology is interpreted to imply similarity of structure or function. For example, the (very) probable function of the sis oncogene protein was dramatically elucidated by the discovery of a 100-residue homology with platelet-derived growth factor (8, 9) . Often, however, the discovered sequence homologies are marginal and the predictions, speculative. For example, weak homologies have been reported between the p21 protein of the ras oncogene family and, separately, an ATPase (10), some dinucleotide-binding enzymes (11) , and the guanine nucleotide binding site of elongation factor Tu (R. Leberman and U. Schneider, personal communication). From these, partly conflicting (11) predictions of ras oncogene structure were derived. Our survey puts a definite lower bound on the length of an uninterrupted stretch of identical residues deemed statistically significant or structurally meaningful.
Statistical Significance of Identical Pentapeptides. The survey shows that an isolated uninterrupted homology of length five between a new protein and the data base is in itself not a safe indication of evolutionary kinship. The statement depends, of course, on the total length of the sequences compared. For example, suppose the new protein sequence has length m = 300 and you find one pentapeptide identity between it and a protein in the data base of n = 10,000 residues. Substituting in Eq. 1 N = n x m, the number of comparisons, we get P = 0.39 for the probability not to find this identity by chance. Appropriate values for n and m must be used when comparing a given length of protein with a data base.
The danger of overinterpretation of temptingly strong but too short sequence homologies is, of course, a particular case of the general danger of overzealous homology searches. A good example of temptingly long but too weak homologies is the 16-residue homology dispersed among 129 residues between ribonuclease and lysozyme postulated by Manwell in 1967 (12) and shown by Haber and Koshland (13) as well as by others to be statistically insignificant. IncidenBiochemistry: Kabsch and Sander 1078 Biochemistry: Kabsch and Sander tally, the identical pentapeptide Ala-Ala-Lys-Phe-Glu (Table  1) was not part of Manwell's alignment.
Structural Meaning of Identical Pentapeptides. Table 1 shows that it is wrong to deduce similarity of conformation from a single pentapeptide homology between otherwise not homologous sequences. This result is independent of the size of the data base or any statistical estimate. It is, however, likely that particular pentapeptide sequences vary in structural adaptability.
Message to Protein Folders. Why is the accuracy of current widely used secondary structure prediction methods not better than 56% [correctly predicted residues in a three-state model (14) ]? The structural discrepancies in Table 1 show that even complete statistics on the conformational preferences of pentapeptides (which would require at least 300 times the current data base) in themselves are not sufficient to correctly predict protein structure. The key to improved protein structure prediction is not better statistics but new approaches. Some are appearing (15, 16) . We can be sure that the strictly hierarchical approach of first predicting secondary structure segments, then tertiary structure by interaction of those segments, cannot succeed unless cooperativity of sequence range larger than five is taken into account in the first step.
